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CHAPTER 1. GENERAL INTRODUCTION 
Eutrophication of freshwater lakes is a worldwide problem. Nutrients enter lakes 
from agricultural lands, animal feedlots, industry, wastewater treahnent plants, and lawn 
fertilizers (Downing et al. 1999). This rapid increase in nutrients can cause great changes to 
lake ecosystems. Some key components of the lake ecosystem that can change through 
eutrophication are the aquatic macrophyte and fish communities (Persson et al. 1991; Sand- 
Jensen 1997). 
Aquatic macrophytes are important to lake ecosystems because they offer habitat and 
food for aquatic organisms (Timms and Moss 1984; Engel 1988; Venugopal and Winfield 
1993). They also provide a buffer against water quality degradation by decreasing the 
concentration of suspended solids in the water column (Van den Berg et al. 1997; Barko and 
James 1998) and lowering concentrations of nutrients in the water column through uptake 
(Goulder 1969; Van Bonk et al. 1993; Kufel and Ozimek 1994). 
Fish are important resources to lake ecosystems and surrounding communities. Fish 
can play a role in influencing the biological structure of aquatic ecosystems by altering both 
primary and secondary production. They also provide recreational and commercial 
opportunities to people in the surrounding communities. 
Macrophyte species composition and relative abundance can be drastically impacted 
by increased eutrophication. Species richness has been observed to decrease as lakes become 
eutrophic (Niemeier and Hubert 1986; Sand-Jensen 1997) due to limiting light available to 
submerged vegetation (Scheffer et al., 1992; Skubinna et al., 1995). As water transparency 
declines, macrophyte communities can shift in composition from a dominance of submergent 
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(e.g., Chara spp. ), to canopy forming (e.g., Potamogeton spp.), to floating leaved (e.g., 
Nuphar spp.), and to emergent (e.g., Scirpus spp. and Typha spp.) vegetation (Niemeier and 
Hubert 1984; Chambers 1987; Moss 1988; Sand-Jensen 1997; Van Den Berg 1999). 
Fish can benefit from an increase in lake trophic status by utilizing the surplus energy 
supply in the lake, but as lakes become extremely productive or hyper-eutrophic, shifts in 
fish community composition can occur. Trophic state variables such as primary production, 
chlorophyll a, total phosphorus, and total nitrogen have been shown to increase fish yield or 
production (Oglesby 1977; Hanson and Leggett 1982; Downing et al. 1990; Bachmann et al. 
1996). However, as eutrophication increases, some studies have established a systematic loss 
of piscivorous fish (Larkin and Northcote 1969; Bays and Crisman 1983; Persson et al. 1988; 
Jeppesen et al. 2000), while planktivores (Yurk and Ney 1989; Bachmann et al. 1996) and 
benthivorous fish have been observed to increase (Persson et al. 1991; Jeppesen et al. 2000). 
Although the impacts of eutrophication on the aquatic macrophyte and fish 
communities have been observed in previous studies, there are still many lacunae in the 
research. For example, impacts of aquatic macrophyte composition and relative abundance 
by eutrophication have rarely been observed over great time periods (Sand-Jensen 1997). 
Further, most of the long-term studies that have been reported have been conducted in 
Europe (Kufel and Ozimek 1994; Sand-Jensen 1997) with few studies reported in North 
America. Along-term study is important because it can reveal many trends that may not be 
noticeable when looking at sub-decade scales (Magnuson et al. 1991). For instance, 
macrophyte changes with eutrophication can lead to decreased abundances and diversities of 
macrophytes and can instigate a switch from aclear-water to a turbid-water stable state 
(Scheffer 1990). Lakes exhibiting stable states have repeatedly shifted from submergent 
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species dominance and clear water to emergent species dominance with high turbidity over 
their histories (Scheffer et al. 2002). To be able to examine whether a lake is exhibiting a 
stable state requires long-term data. Long-term data may also reveal different mechanisms 
that allow for macrophyte growth. As water transparency declines with eutrophication, 
aquatic macrophyte growth can become light limited. However, light limitation maybe 
mitigated by decreases in water level. When water levels are decreased, light would be able 
reach the sediment and germinate seeds (van der Valk 1978; Medeiros dos Santos and 
Esteves 2002) and permit photosynthetically active radiation (amount of light needed for 
photosynthesis) to penetrate to new areas in the water column (Chambers and Kalff 1985). If 
water level is raised, macrophyte growth will once again become light limited. Both 
increases and decreases in water level can lead to altered growth and distribution of 
macrophyte species (Wallsten and Forsgren, 1989; Blidnow 1992; Gafny and Gasith 1999). 
Because anthropogenic eutrophication has occurred over a great time period, long- 
term data are essential to an understanding of the trajectory of changes in aquatic 
macrophytes. Long-term data on lake ecosystems, especially those predating anthropogenic 
influences, are very rare (Sand-Jensen 1997), making such records particularly valuable. 
Because we have long-term macrophyte and water quality data from shallow, agriculturally 
eutrophied Clear Lake, Iowa, we have the ability to examine long-term changes in the aquatic 
macrophyte community composition and relative abundance as lake trophic status and water 
levels changed. 
Published research on fish community changes with eutrophication is also 
incomplete. Many studies have shown that a shift in the fish community from piscivores to 
benthivores will occur with eutrophication (Person et al. 1991; Jeppesen et al. 2000). The 
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benthivores that have mostly been observed in these studies have been roach (Rutilus rutilus) 
and bream (Abramis brama). A benthivorous fish of particular interest in North America and 
has been thought to behave in a similar way as roach and bream is the common carp 
(Cyprinus carpio). Carp are an invasive, exotic species in North America and have often 
been associated with degradation in water quality and biota. They may increase turbidity 
within the water column by resuspending sediment (Meijer et al. 1990; Breukelaar et al. 
1994; Lougheed et al. 1997), and they can increase nutrient concentrations in lakes directly 
through excretion (Lamarra 1975) or indirectly through sediment resuspension (Anderson et 
al. 1978; Breukelaar et al. 1994). Carp may further impact the biota of the ecosystem by 
uprooting submerged macrophytes while feeding (Crivelli 1983; Ten Winkel and Meulemans 
1985), by decreasing benthic invertebrates (Zieba and Szarowska 1987; Tatrai et al. 1994) 
and zooplankton (Kirk 1991; Lougheed et al. 1997), and by impacting fish by disrupting 
nests and modifying habitat (Taylor et al. 1984; Harlan et al. 1987). 
Despite the noticeable impacts that carp and other benthivores may have on the 
fisheries of nutrient-rich lakes, few studies have attempted to analyze trends in fish 
abundance under highly eutrophic conditions and high abundances of benthivores. Several 
studies have examined lakes that span a broad range of trophic status (Kautz 1980; 
Bachmann et al. 1996; Jeppesen 2000). Of these studies, some have included lakes with 
benthivores such as bream and roach (Person et al. 1991; Jeppesen et al. 2000), but few have 
examined a range of lakes in which carp are abundant. Jones and Hoyer (1982) investigated 
nutrient rich lakes where carp may have been present, but they only quantified sport fish 
abundances. Because carp are often implicated in the degradation of eutrophic lake 
ecosystems, it is important to know how both high nutrient supplies and carp abundances 
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influence fisheries. Lakes in highly agricultural Iowa, USA, are ideal for this analysis 
because they are very rich in nutrients derived from agriculture (Arbuckle and Downing 
2001) and they frequently have high densities of benthivorous carp. 
The purpose of this thesis was to examine changes in the aquatic macrophyte and fish 
communities as lakes experience increases in anthropogenic eutrophication. We examined 
changes in macrophyte community composition and species relative abundance with water 
quality and water level changes over the past century in Clear Lake, Iowa. Then, with the 
respect to the fish community, we examined a suite of agriculturally enriched lakes within 
Iowa that spanned a meso-eutrophic to hyper-eutrophic range. We sought to find the best 
correlates offish biomass and abundance, to determine how the fish communities change in 
composition across a gradient of low to high nutrient concentrations, and to explore 
correlations between carp abundance and the abundance and composition offish 
communities. Along-term study of macrophytes and a study of fish communities in lakes 
spanning a wide range of trophic states such as this study, will help to further elucidate and 
document the impact of agricultural eutrophication on aquatic macrophytes and fish 
communities in shallow lake ecosystems. 
Thesis Organization 
This thesis is organized into four chapters. Chapter 2 is a manuscript to be submitted 
for publication in the journal Hydrobiologia. It pertains to long-term changes in the aquatic 
macrophyte community with anthropogenic eutrophication in Clear Lake, Iowa. Chapter 3 is 
a manuscript to be submitted for publication in Canadian Journal of Fisheries and Aquatic 
Sciences. This chapter examines the mechanisms of the changes in fish communities along a 
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gradient of eutrophication in several Iowa lakes. General conclusions and suggestions for 
further research are then presented in Chapter 4. 
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A CENTURY OF CHANGE IN MACROPHYTE ABUNDANCE AND 
COMPOSITION IN RESPONSE TO AGRICULTURAL EUTROPHICATION 
Christopher J. Egertson, Jeff A. Kopaska, and John A. Downing 
A paper to be submitted to Hydrobiologia 
Abstract 
Clear Lake, Iowa, USA is a shallow, agriculturally eutrophic lake that has changed 
drastically over the past century. Eight macrophyte surveys since 1896 were pooled and 
examined to characterize long-term impacts of eutrophication on macrophyte community 
composition and relative abundance. Surveys in 1981 and 2000 revealed few submergent 
and floating-leaved species and a dominance in emergent species (Scirpus, Typha). Over the 
past century, however, species richness has declined from a high of 30 species in 1951 to 12 
found today, while the community composition has shifted from submergent- (99%) to 
emergent-dominated floras (84%). Macrophyte growth is light-limited, with 93 % of the 
variance in relative abundance of submergent species explained by changes in water 
transparency. Clear Lake exhibits signs of alternative stable states, oscillating between clear 
and turbid water, coupled with high and low submerged species relative abundance. Changes 
in the water level have also impacted macrophyte growth since the area of the lake occupied 
by emergent macrophytes was negatively correlated with water level. Strongest correlations 
indicated that macrophytes respond to water level variations with atwo-year time-lag. 
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Introduction 
Aquatic macrophytes, key components of aquatic ecosystems, are impacted by 
eutrophication, yet they provide a buffer against water quality degradation. They offer 
habitat and food for aquatic organisms (Timms &Moss, 1984; Engel, 1988; Venugopal & 
Winfield, 1993), decrease the concentration of suspended solids in the water column (Van 
den Berg et al., 1997; Barko &James, 1998), and lower concentrations of nutrients in the 
water column through uptake (Goulder 1969; Van donk et al., 1993; Kufel & Ozimek, 1994). 
Over their histories, shallow lakes are susceptible to anthropogenic alteration, 
eutrophied by increased nutrient and sediment loads and altered hydrology. Aquatic 
macrophyte communities can be impacted by these changes in nutrient levels and physical 
conditions. Macrophyte species richness has been observed to decrease as lakes eutrophy 
(Niemeier &Hubert, 1986; Sand-Jensen 1997) due to light limitation to submerged 
vegetation (Scheffer et al., 1992; Skubinna et al., 1995). As water transparency declines, 
macrophyte communities can shift in composition from a dominance of submergent (e.g., 
Chara spp. ), to canopy forming (e.g., Potamogeton spp.), to floating-leaved (e.g., Nuphar 
spp.), and to emergent vegetation (e.g., Scirpus spp. and Typha spp.) (Niemeier &Hubert, 
1984; Chambers, 1987; Moss, 1988; Sand-Jensen, 1997; Van Den Berg, 1999). Such 
changes lead to decreased abundance and diversity of macrophytes as lakes become enriched 
and can instigate a switch from aclear-water to a turbid-water stable state (Scheffer, 1990). 
Lakes in turbid stable states have often shifted from submergent species dominance and clear 
water to emergent species dominance with high turbidity. They also have discernible 
feedback mechanisms (e.g., nutrients, waves, carp) sustaining the longevity of the turbid 
state. (Scheffer et al., 2002). 
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Another factor that can mediate the dominance and structure of macrophyte 
communities is water level alteration resulting from anthropogenic modulation of hydrology. 
As water level decreases, macrophytes may overcome light limitation. Light can reach the 
sediment and germinate seeds (van der Valk, 1978; Medeiros dos Santos & Esteves, 2002) 
and permit photosynthetically active radiation (type of light needed for photosynthesis) to 
penetrate to new areas in the water column (Chambers & Kalff, 1985). Both can lead to 
altered growth and distribution of macrophyte species (Wallsten & Forsgren, 1989; Blidnow, 
1992; Gafny & Gasith, 1999). 
Because anthropogenic eutrophication has occurred over a great time period, long-
term data are essential to an understanding of the traj ectory of changes in macrophyte 
communities. Only long-term data can reveal trends that exceed the sub-decade scale 
(Magnuson et al., 1991). Long-term data on lake ecosystems, especially those predating 
anthropogenic influences, are very rare (Sand-Jensen, 1997), making such records 
particularly valuable. Here we extend the span of study of macrophytes in Clear Lake (c.f., 
Niemeier &Hubert, 1986), an agriculturally impacted shallow lake (Fig. 1). 
Clear Lake has undergone signficant changes in water quality and watershed 
characteristics over the last century. Water transparency has decreased from approximately 
1.5 m in 1896 to 0.4 m in 2000, while phosphorus concentrations have increased from <20 
µg 1-1 in 1934 to 190 µg l~' in 2000 (Fig. 2). Its small watershed has changed from forest, tall 
grass prairie, and oak savannah to 60% farm land, 10% urban, and 10% pasture (Downing et 
al., 2001). Because Clear Lake is shallow (Z , 2.9 m; Zmax~ 5.9 m) and turbid, interannual 
variation in water level may also play a role in the areal distribution and composition of 
macrophyte communities. 
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The purpose of this analysis was to examine changes in macrophyte community 
composition and species occurrence with water quality and water level changes over the past 
century. This historically popular recreational lake offers a rare long-term record for North 
America since macrophyte and water quality information date back as far as 1896. A long- 
term study of this nature can further elucidate and document the impact of agricultural 
eutrophication on aquatic macrophytes in shallow lake ecosystems. 
Methods 
In order to assess changes in community composition and species relative abundance, 
aquatic macrophyte data were collected from the published literature (Shimek, 1896; Bailey 
& Harrison, 1945; Parsons, 1950; Pearcy, 1952; Riddenhour, 1958; Mrachek, 1966; Niemeier 
& Hubert, 1984) and a new extensive survey performed in July 2000. We concentrated our 
analysis on ten large emergent macrophyte beds because an extensive preliminary survey, 
employing raking of sediment at random locations, determined that <1 % of submerged 
macrophytes were located outside these ten emergent beds. Each bed was intensively 
surveyed using methods similar to Niemeier &Hubert (1984). To estimate species 
occurrence, we placed a 1-m2 quadrat every 20 m along transects perpendicular from the 
shore to the outer limit of the macrophyte beds. Transects were situated every 20 m along 
the shoreline. To generate the most comprehensive species list possible, species observed 
along transects, outside of the quadrats, were also noted. Voucher specimens of each species 
found were collected and identified using Fassett (1940) and were deposited in the Ada 
Hayden Herbarium of the Department of Ecology, Evolution, and Organismal Biology (353 
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Bessey Hall, Iowa State University, Ames, IA 50011). Water depth and substrate type were 
noted at each sampling location. 
All macrophytes were identified to the species level except Scirpus and Typha. These 
were only identified to genus because hybridization between S. validus and S. acutus and 
between T. augustifolia and T. latifolia (i.e., T. glauca) are prevalent in the lake (Niemeier & 
Hubert, 1984). Scirpus and Typha species found in this and previous studies were therefore 
grouped into Scirpus and Typha spp. categories. 
Macrophyte relative abundances were quantified based on percent frequency of 
occurrence in examined quadrats. Taxa were classified as rare (<0.25% of quadrats), 
occasional (0.26 —1% of quadrats), common (1— 5% of quadrats), abundant (5 — 20% of 
quadrats), and very abundant (>20% of quadrats; Niemeier &Hubert, 1986). Although only 
Niemeier & Hubert's (1984) and our new study were fully quantitative, all other studies 
indicated relative abundances as rare, occasional, common, abundant, or very abundant. We 
converted these categorical indicators of relative abundance to the medians of the ranges 
noted above as deduced by Niemeier &Hubert (1986). Relative abundance estimates for 
each functional group (e.g., submergent or RS, floating leaved or Rf, emergent or Re) were 
calculated for each survey by summing the median score for all taxa in each functional group 
(after Fasset, 1940). We were then able to gauge historical trends of RS, Rf, and Re by 
expressing their sum (RX) as the fraction of the total sum of all scores for all taxa documented 
in each survey (RX / ~R). 
Since water level can impact macrophyte distribution and composition, we compared 
the area of emergent beds (ha) and RS, Rf, and Re data in concert with yearly water level (m) 
averages. Water level data since 1930 were obtained from the United States Geological 
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Survey National Water Information System web database (http://waterdata.usgs.gov/nwis~. 
Emergent bed area was estimated by digitizing aerial photographs taken by the Farm Service 
Agency (Mason City and Garner, IA, USA) in years 1939,1965 and 1979-2000 and a 
macrophyte cover map (Pearcy, 1952) using Arcview 3.2~ (ESRI, Redlands, CA, USA). 
Because the impact of water level on vegetation may have alag-time in its influence on 
macrophyte growth (van der Valk, 1980; Mitsch & Gosselink, 2000), we compared 
macrophyte data with data on yearly averaged water level from the year of estimation of 
macrophyte cover as well as water levels over the previous three years. 
Organic and inorganic phosphorus (µg 1-1) data were gathered from Bailey & 
Harrison (1946), Small (1961), Environmental Protection Agency National Eutrophication 
Survey (1976), Bachmann (1980, 1994), Crompton (1994, unpublished), and Downing et al. 
(2001). Concentrations from 1934 and1961 are inorganic phosphorus (determined by the 
stannous chloride method), while later dates, 1974-2000, are expressed as total phosphorus 
(determined by the ascorbic acid method). The two inorganic concentrations are probably 
somewhat inaccurate because of the difficulty in replicating concentrations using the 
stannous chloride method (Murphy &Riley, 1962). 
Water transparency data measured by Secchi disk depth were collected from Shimek 
(1896), Neal (1962), Environmental Protection Agency National Eutrophication Survey 
(1976), Bachmann (1980,1994), Crompton (1994, unpublished, and Downing et al. (2001). 
The datum from Shimek (1896) was estimated from field notes describing Potamogeton 
proelongus as >3 m long. This indicates that Secchi depth was at least 1.5 m at the time 
because submerged macrophytes can only grow to 2-3 times the Secchi depth (Canfield et al, 
1985; Chambers & Kalff, 1985). 
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Results 
Over 500 quadrats sampled in 2000 collected a total of 12 species of macrophytes. 
These included four emergent taxa (Typha spp., Scirpus spp., Sagittaria latifolia, Phragmites 
australis), two floating-leaved species (Nuphar advena, Nymphaea tuberosa), and six 
submergent taxa (Potamogeton nodosus, Potamogeton pectinatus, Ceratophyllum demersum, 
Vallisneria americana, Chara sp., Potamogeton crispus; Fig. 3). Our survey showed that 
macrophytes covered 19 ha, accounting for approximately 1 % of the total lake surface area 
(1,468 ha). All ten beds of emergent vegetation surveyed were located on silt/sand sediment 
and in <1 m of water. The emergent genera Scirpus and Typha were most abundant followed 
by Potamogeton nodosus, Nuphar advena, Nymphaea tuberosa, and Potamogeton pectinatus 
(Fig. 3). All other species occurred in <0.1 % of the quadrats sampled. 
Since 1981, species richness in Clear Lake has declined from 20 to 12 species (Table 
1). We found, as did Niemeier &Hubert (1984), that emergent genera Scirpus and Typha 
were the most prevalent, and floating-leaved and submergent species were few and rare 
respectively (Fig. 3). The nine common species to both studies showed general similarities 
in occurrences over the past two decades (Fig. 4). 
Species richness and composition have both changed radically over the last century. 
Species richness decreased from a high of 30 species (Pearcy 1952) to 12 species found in 
2000 (Table 1). Species composition changed in dominance from primarily submergent to 
mostly emergent species (Fig. S). Submergent macrophytes made up nearly 100% of the 
flora in 1896, but were reduced to less than S% of the species found in 2000. Floating-leaved 
species remained fairly constant across the century at <5% of the species, but became 
relatively more abundant in 2000 (> 10%), as general species richness declined. Emergent 
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species increased from <1 % to >80% of the macrophyte species. Shimek (1896) reported no 
Scirpus spp. or Typha spp. in the lake, but by 1951, Pearcy (1952) reported large- 
conspicuous Scirpus spp. beds and some Typha spp. Today Scirpus and Typha are the most 
abundant genera in Clear Lake, with Typha having expanded greatly since 1951. 
Because of great changes in water transparency (Fig. 2(b)) and macrophyte 
community composition (Fig. 5), we sought to examine the strength of correlations between 
RS, Rf, and Re and water clarity. RS was positively correlated with transparency (r~ = 0.93; p 
<0.01; Fig. 6), while neither Rf nor Re were significantly correlated with water clarity. 
Because a great deal of variation in the RS was explained by transparency, and 
transparency alternated between clear-water (>0.8 m Secchi), e.g., 1896, 1951, 1975 and 
turbid-water periods (<0.5 m Secchi), e.g., 1949, 1965, 1981, 2000 (Fig. 2(b)), we examined 
the historical data to determine whether RS also fluctuated among clear- and turbid-water 
periods. Although few studies offered quantitative data, anecdotal evidence suggested that at 
least one switch occurred between clear water with abundant submerged plants and turbid 
water with few submerged plants. Parsons (1950) reported that submerged macrophytes 
were so abundant in 1945-46 that boating was nearly impossible. By 1949, submerged 
macrophytes had declined from an RS of 58 in 1944 to only 21 in 1949 (Table 1), with a 
concurrent low water transparency of 0.4m (Fig. 2(b)). Three years later, submerged plants 
were abundant (RS = 93; Table 1) and water transparency increased to 1.5 m (Fig. 2(b)). 
The area covered by emergent macrophyte beds increased as water level decreased 
(Fig. 7). There appeared to be a time-lag in response of emergent bed area to water level 
changes because bed area and water level from the same year were not correlated (p > 0.05), 
while water level from one, two, and three years previous to emergent bed area estimation 
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showed significant (p <0.05) negative correlations (Table 2). The best correlation was 
provided by atime-lag of two years (r~ = 0.46; p <0.001; Fig. 8). The relative abundance of 
macrophyte functional groups (i.e., RS, Rf, and Re) did not show any distinguishable trends 
with water level (correlationp >0.05). 
Discussion 
Agriculturally driven eutrophication has had a profound impact on the macrophyte 
abundance and community composition in Clear Lake. Our finding that macrophyte 
communities change systematically from a dominance of submergent, to floating-leaved, and 
to emergent macrophytes as eutrophication increased agrees with the findings of previous 
studies (e.g., Kowalcweski & Ozimek, 1993; Sand-Jensen, 1997). Light limitation is the 
most likely explanation for the changes in macrophyte composition and relative abundance 
that we observed (Fig. 5). As turbidity increases through eutrophication, light can no longer 
penetrate the water column to depths that allow submerged macrophytes to become abundant 
(Chambers and Kalff, 1985). Because floating-leaved and emergent species can rely on 
energy from rhizomes for short time-spans (Borman et al., 1997), they can escape short-term 
light limitation and survive impacts of turbidity. Another explanation for the pattern we 
observed may be that submergent macrophytes are unable to root in loose detritus and silt 
(Scheffer, 1998; Gafny & Gasith, 1999), prevalent in eutrophic lakes. Increased 
phytoplankton densities can also out-compete macrophytes because phytoplankton can 
decrease the availability of dissolved carbon dioxide (Moss, 1990). Mechanical 
perturbations by benthivorous fish, e.g., carp (Cyprinus carpio), and wave action from wind 
and boats can also decrease the success of submergent macrophytes. Carp, prevalent in 
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eutrophic lakes in this region (Egertson &Downing, in prep), and wave action can uproot 
vegetation (Crivelli, 1983; Van Wijk, 1988) and decrease water transparency by increasing 
suspended solids (Breukelaar et al., 1994; Anthony &Downing, 2003). 
Clear Lake may have reached the turbid stable state. This is suggested by the 
similarity of species relative abundances between 1981 and 2000 (Fig. 4), and the low and 
stable transparency over the past few decades (Fig. 2(b)). Patterns of Clear Lake vegetation 
are consistent with historical patterns found in other lakes exhibiting stable states (Scheffer et 
al., 2002). For example, repeated oscillations between submergent species dominance during 
periods of clear water and emergent species dominance during periods of high turbidity 
between 1945 and 1960 are typical of lakes changing among alternative stable states. 
Current stable conditions are maintained by negative feedback mechanisms such a.s turbidity, 
wind, and carp. The ability of this lake to maintain a stable, clear-water state seems to have 
been compromised by shifts in community composition accompanying the process of hyper- 
eutrophication. 
We found few submergent or floating-leaved species outside of emergent macrophyte 
beds. Emergent macrophytes can increase water clarity (Dieter, 1990; Horpilla & Nurminen, 
2001) possibly by decreasing wave action and benthivorous fish perturbations. Therefore, 
emergent beds may act as refuges for the few submerged and floating-leaved species. 
Time-lags appear to be important in responses of emergent macrophyte beds to 
environmental change (Fig. 8). For example, as water level decreases, more surface area of 
the sediment is exposed to light, which may allow for greater germination of seeds (van der 
Valk, 1978; Medeiros dos Santos & Esteves, 2002). Under high water conditions, however, 
emergent macrophyte distributions likely decrease due to lack of germination, anoxic 
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conditions, and perturbation by muskrats (Ondatra zibethicus) (van der Valk, 1980; Froend 
& McComb, 1994). Time-lags in macrophyte cover responses to water-level changes 
probably reflect the amount of time it takes for germinated seeds to give rise to substantial 
root and vegetative mass and to depletion of energy stored in rhizomes once water level is 
increased (Mitsch & Gosselink, 2000). 
Correlations between RS, Rf, and Re and water level were not statistically significant. 
This result differs from Hamabata & Kobayashi's (2002) data indicating an increase in 
macrophytes with decreased water level. We may not have been able to detect correlations 
between RS, Rf, and Re and water level because the range in water level changes was small 
(<0.5 m). However, it is possible that because this lake is so shallow, any decrease in water 
level may allow macrophytes to receive a detrimental amount photosynthetic radiation, 
subsequently diminishing macrophyte biomass (Gafny & Gasith, 1999). 
Conclusions 
Long-term, historical observations permitted the detection of patterns that would not 
be detected on shorter time-scales. Our analyses indicated species richness has declined 
dramatically since 1951. Since 1896, submergent macrophytes have decreased and emergent 
macrophytes have increased in relative abundance. While transparency has been quite 
variable within some specific time periods related to shifts in stable states (e.g., 1945-1960; 
Fig. 2(b)), this variation explains 93% of the variation in the relative abundance of 
submerged macrophytes over the past century. Therefore, it appears that Clear Lake began to 
oscillate between clear-water phases dominated by submergent macrophytes and turbid-water 
phases dominated by emergent and floating-leaved macrophytes around 1950 before settling 
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into a stable, turbid-water phase 30 years later. Initially Clear Lake remained in a clear-water 
state for SO years following agricultural development. It then began to oscillate for 15-20 
years before stabilizing in its current turbid-water condition. 
The history of the aquatic flora in Clear Lake is one characterized by a systematic 
decline in biodiversity and cover. Many species have vanished and will not likely return 
without long-term, significant, water quality remediation. Because this lake is shallow, 
eutrophic, and has a high likelihood of perturbation from waves and benthivorous fish, 
significant improvement in the littoral habitat will require long-term, substantial changes in 
transparency, the sedimentary environment, and bioturbation. 
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Table 1. Species totals and relative abundance for submergent (RS), floating-leaved (Rf), and 
emergent (Re) species. See Methods for means of calculation of relative abundance from 
historical data. Years indicate when macrophyte data were published. Data sources are 
Shimek (1896); Bailey &Harrison (1945); Parsons (1950); Pearcy (1952) Riddenhour 
(1958); Mrachek (1966); Niemeier &Hubert (1984); and this study. 
1896 1945 1950 1952 1958 1966 1984 2000 
Species total 14 11 24 30 11 24 20 12 
Submergent relative abundance (RS) 115 58 21 93 60 46 2 3 
Floating-leaved relative abundance (Rf) 5 5 0.1 7 0 6 6 5 
Emergent relative abundance (Re) 0 23 20 60 6 24 40 40 
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Table 2. Relationships between yearly averaged water level (m) data and emergent bed area 
(ha) data showing atime-lag between water level changes and emergent bed area. Emergent 
bed area data, determined by aerial photographs, were compared to water level data, obtained 
from USGS web site (http://waterdata.usgs.gov/nwis/), from simultaneous 1, 2, and 3 years 
previous to emergent bed area estimation. n is number of data points, while are r2 and p are 
the coefficient of determination and the probability of obtaining this r2 by chance alone. 
Yearly averages of water level data n r~ p 
simultaneous 22 0.17 > 0.05 
1 y previous bed area estimation 22 0.3 7 < 0.003 
2 y previous bed area estimation 22 0.46 < 0.001 
3 y previous bed area estimation 22 0.22 < 0.05 
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Figure Legends 
Figure 1. Map of Clear Lake, Iowa, USA and its watershed showing landuse. 
Figure 2. Historical changes in phosphorus (µg 1-') (a) and water transparency (Secchi disc; 
m) (b) since 1896 and 1934 respectively. Solid lines represent least square means, broken 
line represents time trend. Symbols indicate inorganic phosphorus (t) or total phosphorus 
(0) concentrations. Sources of data listed in Methods. The r 2 andp are the coefficient of 
determination and the probability of obtaining this r 2 by chance alone. 
Figure 3. Species found in each functional group (submergent, floating, emergent) and their 
relative abundance in each of eight macrophyte surveys dating back to 1896. Relative 
abundance was determined from the fraction of total quadrats containing species. Bars 
indicate macrophyte relative abundance and follows the scale at the bottom of the figure 
representing macrophytes being present to very abundant. Scale indicates p for present, but 
no abundance information; rare (<0.25% of quadrats); occasional (0.26-1 % of quadrats); 
common (1-5% of quadrats), abundant (5-20% of quadrats); va is for very abundant (>20% 
of quadrats). Data sources listed in Methods. 
Figure 4. Fraction of quadrats containing each of nine common species in surveys 
performed in 1981 and 2000. Note the scale break between common (emergent) and less 
common (floating-leaved and submergent) species. 
34 
Figure 5. Long-term trends of the percent relative abundance (RX/~R) of functional groups, 
submergent (RS), floating-leaved (Rf), and emergent macrophytes (Re), between 1896 and 
2000. R is the sum of RS, Rf, and Re, while RX represent one of the three functional groups. 
Means of calculation of percent relative abundance for each functional group from historical 
data are in Methods. 
Figure 6. Relationship between relative abundance of submerged species (RS) and water 
transparency (m). See Methods for means of calculations of RS from historical occurrence 
data. The r2 and probability are the coefficient of determination and the probability of 
obtaining this r~ by chance alone. 
Figure 7. Historical trend in water level (broken line) and emergent macrophyte bed area 
(solid line). Points indicate year emergent bed area was measured. Water level data were 
obtained from the USGS and emergent macrophyte bed area was determined by digitizing 
aerial photographs (see Methods). 
Figure 8. Relationship between area covered by emergent macrophyte beds and atwo-year 
lag in water level. Least squares regression determined that emergent bed area decreased 
significantly with increases in water level lagged 2 years (r~ = 0.46, p < 0.001). The r~ and p 
are the coefficient of determination and the probability of obtaining this r~ by chance alone. 
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Figure 3. 
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CHAPTER 3. RELATIONSHIP OF FISH CATCH AND COMPOSITION TO 
WATER QUALITY IN A SUITE OF AGRICULTURALLY EUTROPHIC LAKES 
A paper to be submitted to Canadian Journal of Fisheries and Aquatic Sciences 
Christopher J. Egertson and John A. Downing 
Abstract 
We examined the fish community, water quality, and morphometry of 32 
agriculturally eutrophic lakes. Our purpose was to estimate the relationship between 
eutrophication and fish catch per unit effort by weight (CPUEW) and fish community 
composition in a suite of the world's most nutrient rich lakes. This work concentrated on the 
six most important species in this suite of lakes. We found that the CPUEW of the sum of 
these species increased with lake trophic status measured as chlorophyll a (r = 0.44; p < 
0.013). By dissecting total fish CPUEW into individual species and functional groups, we 
found that only carp (Cyprinus carpio) and benthivore CPUEW increased significantly with 
lake trophic status (p < 0.03 and 0.001 respectively). Sport fish (principally piscivores) 
decreased as a proportion of total CPUEW by approximately 50% while benthivores, 
primarily carp, concurrently increased by approximately 80% over an increase in 
cholorophyll a from 10 to 100 µg•L"1. Carp CPUEW was correlated with and may influence 
CPUEW of bluegill (Lepomis macrochirus), white crappie (Pomoxis annularis), and black 
crappie (Pomoxis nigromaculatus) (r = -0.37, 0.40, and -0.57 respectively). Our study 
suggests that species other than benthivores may not be able to exploit increased energy 
availability in hyper-eutrophic systems, or are competitively excluded from using this 
increased production. 
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Introduction 
Eutrophication of freshwater lakes is a worldwide problem. Nutrients enter lakes 
from agricultural lands, animal feedlots, industry, wastewater treatment plants, and lawn 
fertilizers (Carpenter et al. 1998; Downing et al. 1999). This rapid increase in nutrients can 
cause great changes to lake ecosystems. One important resource that can change through 
eutrophication is the fish community (Person et al. 1991). 
Eutrophication can lead to increased energy supply to fish, but it can also lead to 
shifts in fish community composition. Trophic state variables such as primary production, 
chlorophyll a, total phosphorus, and total nitrogen have been shown to increase fish 
production (Oglesby 1977; Hanson and Leggett 1982; Downing et al. 1990; Bachmann et al. 
1996). However, as eutrophication increases, some studies have established a systematic loss 
of piscivorous fish (Larkin and Northcote 1969; Bays and Crisman 1983; Person et al. 1988; 
Jeppesen et al. 2000), while planktivorous (York and Ney 1989; Bachmann et al. 1996) and 
benthivorous fish have been observed to increase (Person et al. 1991; Jeppesen et al. 2000). 
A benthivorous fish of particular interest in North America is the common carp 
(Cyprinus carpio). Carp is an invasive, exotic species and has often been associated with 
degradation in water quality and biota. They may increase turbidity within the water column 
by resuspending sediment (Meijer et al. 1990; Breukelaar et al. 1994; Lougheed et al. 1997), 
and they can increase nutrient concentrations in lakes directly through excretion (Lamarra 
1975) or indirectly through the sediment resuspension (Anderson et al. 1978; Breukelaar et 
al. 1994). Carp may further impact the biota of the ecosystem by uprooting submerged 
macrophytes while feeding (Crivelli 1983; Ten Winkel and Meulemans 1985), by decreasing 
benthic invertebrates (Zieba and Szarowska 1987; Tatrai et al. 1994) and zooplankton (Kirk 
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1991; Lougheed et al. 1997), and by influencing fish species by disrupting nests or through a 
modification of their habitat (Taylor et al. 1984; Harlan et al. 1987). 
Because fish posses ecological, commercial, and recreational value, the influence of 
eutrophication on fish catch in lakes and reservoirs is of great significance to fisheries 
managers. Despite the notable impacts carp and other benthivores may have on the fisheries 
of nutrient -rich lakes, few studies have attempted to analyze trends in fish abundance under 
highly eutrophic conditions and high abundances of benthivores. Several studies have 
examined lakes that span a broad range of trophic status (Kautz 1980; Bachmann et al. 1996; 
Jeppesen 2000) and some have included lakes with benthivores such as bream (Abramis 
brama) and roach (Rutilus rutilus; Person et al. 1991; Jeppesen et al. 2000), but few have 
examined a range of lakes in which carp are abundant. Jones and Hoyer (1982) investigated 
nutrient rich lakes where carp may have been present, but they only quantified sport fish 
abundances. Because carp are often implicated in the degradation of eutrophic lake 
ecosystems, it is important to know how both high nutrient supplies and carp abundances 
influence fisheries. 
Our objectives therefore were to (1) examine agriculturally eutrophic lakes to find the 
best correlates of fish catch, (2) determine how the fish communities change in composition 
across a gradient of high nutrient concentration, and (3) explore correlations between carp 
abundance and the abundance and composition of fish communities. Lakes in highly 
agricultural Iowa, USA, are ideal for this analysis because they are among the worlds most 
nutrient-rich (Arbuckle and Downing 2001) and they frequently have high densities of 
benthivorous carp. 
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The overall approach of our study was to seek correlations between fish catch per unit 
effort (CPUE) and lake ecosystem characteristics by collecting detailed information offish 
CPUE and lake characteristics across 32 eutrophic to hyper-eutrophic lakes. Water samples 
were collected monthly, May -July 2001, from eight natural and 24 impounded lakes (Fig. 
1). Water quality variables that were estimated include: chlorophyll a, aresin transformed 
percent algal biomass as Cyanobacteria, ammonia measured as the sum of ammonium and 
un-ionized ammonia, un-ionized Sonia, total nitrogen, total phosphorus, total suspended 
solids, water transparency, dissolved oxygen, temperature, and specific conductivity. All 
samples were collected as integrated samples of the upper mixed zone of each lake. When a 
thermocline was not present, the entire water column was sampled. Collected water was kept 
at 4 °C and analyzed within two days. 
Total phosphorus and ammonia were analyzed according to Standard Methods 
(American Public Health Association 1998). Total nitrogen was analyzed using second 
derivative spectroscopy (Crompton et al. 1992). Laboratory analysis of chlorophyll a was 
conducted using a Turner Designs TD-700 Laboratory Fluorometer (Turner Designs Inc., 
Sunnyvale, CA, USA) with acetone and magnesium carbonate extraction (American Public 
Health Association, 1998). Mean estimates of temperature, specific conductivity, and 
dissolved oxygen, were averaged from epilimnetic profiles and were obtained by a YSI 6-
Series Multi-Parameter Water Quality Monitor (Yellow Springs Instrument Inc., Yellow 
Springs, OH, USA). Transparency was estimated by Secchi disc depth. 
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Morphometric variables were collected by Bachmann et al. (1994) and consisted of 
lake type, lake surface area, mean depth, watershed:lake area ratio, shoreline development 
index (using equation from Hutchinson, 1957), and water residence time. 
Fish CPUE estimates were collected by the Iowa Department of Natural Resources 
(IDNR) between September and October of 2001. Collection methods were standardized to 
allow comparisons of fish CPUE among lakes. Fyke nets with 12.2 m lead lines and 
constructed of 0.6 m x 1.2 m frames with seven 0.6 m diameter hoops, enclosed with 1.9 cm 
bar mesh netting were used to collect fish. These nets were placed randomly within the 
littoral zone where water measured up to 1.2 m. Nets were set for 24 h before collection and 
the amount of effort (net nights) varied with lake area. Three-15 nets were set per night in 
lakes < 40 ha, 5-20 nets were set per night in lakes ranging from 40-200 ha, and 7-28 nets 
were set per night in lakes >200 ha. Because these lakes are very shallow (average mean 
depth 2.9 m), fyke nets set at approximately half this depth were assumed to obtain a good 
representation of fish species found in these lakes. 
Fish of stock length (> 8 cm for most species) or greater were retained because this is 
the approximate length fish reach when mature and the length required for fish to be 
effectively sampled by gear (Murphy and Willis 1996). Length was measured to the nearest 
2 mm, while weight was measured to the nearest 0.5 g. CPUE was determined as an estimate 
offish abundance (Murphy and Willis 1996). From CPUE data and fish weights, we 
estimated fish catch in g•net night 1 (CPiTEW). 
Fish data were analyzed by individual species CPUEW, total CPUEW, and CPUEW of 
species grouped by functional categories, i.e., benthivores and sport fish (primarily 
piscivores). Total CPUEW consisted of the summed CPUEW of the six species: black crappie 
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(Pomoxis nigromaculatus), white crappie (Pomoxis annularis), bluegill (Lepomis 
macrochirus), channel catfish (Ictalurus punctatus), black bullhead (Ictalurus melas), and 
common carp. These species were targeted because they are highly abundant in these lakes 
(Harlan et al. 1987) and constitute the majority of the fish CPUEW. A few other species were 
caught, e.g., largemouth bass (Micropterus salmoides), small mouth bass (Micropterus 
dolomieui), yellow bass (Morone mississippiensis), northern pike (Esox Lucius), walleye 
(Stizostedion vitreum), yellow perch (Perca flavescense), green sunfish (Lepomis cyanellus), 
redear sunfish (Lepomis microlophus), freshwater drum (Aplodinotus grunniens), and yellow 
bullhead (Ictalurus natalis), but they were not included in the total CPUEW category because 
their catch was highly variable, and they constituted <13% of the CPUE,,, of the six target 
species in most lakes. The sport fish group included black crappie, white crappie, bluegill, 
and channel catfish. These fish were grouped together because they are important sport fish 
(Harlan et al. 1987), they are primarily piscivores, and they typically are not known to 
degrade water quality. The benthivore category consisted of carp and black bullhead. These 
fish are benthivorous fish (Harlan et al. 1987) and they have been known to degrade water 
quality through rooting around in sediments for food (Bruekelaar et al. 1994; Keen and 
Gagliardi 1981). Although channel catfish are also benthivorous fish, they were not included 
in this category because they primarily eat fish (Pflieger et al. 1975), they do not root in the 
sediments for invertebrates, and they axe not typically thought of as a habitat degrading 
species. 
Because both natural and impounded lakes were combined in the data set, we used 
bivariate regression analysis to determine whether water quality, morphometric, and CPUEW
varied systematically between natural and impounded lakes. Differences in CPUEW that were 
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found between natural lakes and impoundments were principally attributable to differences in 
lake morphometry and nutrients. This allowed us to combine both types of lakes and 
perform bivariate regression analysis between all water quality and morphometric variables 
and fish CPUEW. The two lake types are distinguished by different symbols in graphical 
analysis and residuals were examined for homoscedasticity with respect to independent 
variables and outliers (Gujarati 1995). 
Variable Deletion 
Because the list of independent variables was extensive, the number of variables was 
decreased to minimize the number of potential comparisons and seriousness of 
multicollinearity. A correlation matrix was examined to discard variables that were highly 
correlated (r > 0.70; Gujarati 1995). Water residence time was removed because it was 
correlated with watershed:lake area ratio (r = 0.89), and Secchi transparency, and ammonia 
(as sum of un-ionized ammonia and ammonium; NH3+NH4~, were both removed because of 
close correlations with total suspended solids (r = 0.84 and 0.75 respectively). As a result, 
we reduced our number of independent variables from 16 to 13. 
Predictors of Fish CPUEW
All variables were loglo transformed to stabilize the variances, linearize the 
responses, and normalize the residuals (Draper and Smith 1998). CPIJEW data were loglo 
(x+l) transformed to allow zeros to be included in regressions. Using JMP 5.0~ (SAS 
Institute, Cary, NC, USA), bivariate and multiple regression (using stepwise selection) 
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analyses were performed between individual species CPUEW, total CPUEW and CPUEW of 
fish categories (i.e., sport fish, benthivores) and all remaining independent variables. 
Species Composition 
To examine changes in fish composition with eutrophication, we performed simple 
regression analyses between the CPUEW of individual species, sport fish, and benthivorous 
categories and chlorophyll a. Chlorophyll a was used as an overall measurement of 
eutrophication because it has been shown to be positively correlated with nutrient 
concentration (e.g., Jones and Bachmann 1976), photosynthetic production (e.g., Smith 
1979), and provides an index of lake trophic state (e.g., Carlson 1977). 
We determined the relative importance of individual species, sport fish, and 
benthivores in the fish community by examining the relationship between the fraction of total 
CPUEW for each with chlorophyll a concentration. The percentages were aresin transformed 
using sin 1(~x) (where x is the percent composition of fish CPUEw), to prevent data from 
being skewed toward 0% or 100% (Quinn and Keough 2002). 
Carp Influences on Catch of Other Species 
Because the fisheries literature suggests that carp can have deleterious effects on 
other fish species (Taylor, 1984; Harlan et al. 1987), bivariate and multiple regression 
analyses were performed to compare the CPUEW of individual fish and sport fish to carp 
CPUEW in all lakes and in lakes containing >median (180 g•net night-1) carp CPUEW. 
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Results 
Lakes surveyed were in the most fertile range of nutrients worldwide (e.g., Downing 
& McCauley 1992). Most independent variables spanned a range of more than an order of 
magnitude (chlorophyll a, un-ionized ammonia, total nitrogen, total phosphorus, total 
suspended solids, watershed:lake area ratio) and lake surface area ranged over two orders of 
magnitude (Table 1). Because lake mean depth averaged 2.9 m and total phosphorus ranged 
from 27 — 300 µg•L-1 (Table 1), these lakes can be classified as shallow, nutrient ri ch lakes. 
Predictors of Fish CPUEW
The ranges of CPUEW for all fish and fish categories are given in Table 2. As others 
have found, our study revealed a significant, positive correlation between fish catch and lake 
trophic status as measured by chlorophyll a (Fig. 2). Chlorophyll a was our best predictor (p 
<0.05) of total fish CPUEW in bivariate analyses (r = 0.44) and the only variable to enter into 
the model after running a stepwise selection analysis (Table 3). Other independent variables 
correlating with the CPUEW of the six major fish species included mean depth, lake surface 
area, and specific conductivity (r = 0.39, 0.37, and 0.36 respectively; Table 3). 
The best correlates of individual species and fish group CPUEW varied with a 
diversity of lake characteristics. Bluegill CPUEW tended to be highest in small lakes, while 
the largest CPUEW of carp was found in large lakes (r = 0.39 and 0.53 respectively). Black 
bullhead and the benthivore group both yielded higher CPUEW in shallow lakes (r = 0.40 and 
0.5 8 respectively). Black crappie and channel catfish CPUEW increased with specific 
conductivity (r = 0.40 and 0.39 respectively), while the CPUEW of white crappie increased 
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with total suspended solids (r = 0.37) and the sport fish group CPUEW decreased with 
dissolved oxygen (r = 0.3 7; Table 4). 
Stepwise analyses to determine the best predictors of CPUEW for each fish species 
and fish category yielded results similar to those found in bivariate analyses for black 
crappie, white crappie, and channel catfish, while the best predictor for black bullhead 
switched from mean depth to specific conductivity (r = 0.37; Table 4). Carp and benthivore 
CPUEW were the only fish for which the stepwise analyses yielded significant multiple 
regressions. Carp CPUEW was highest in large, shallow, highly conductive lakes, while 
benthivore CPUEW was highest in large, shallow lakes with high chlorophyll a concentrations 
(Table 5). 
Variables related to a gradient of eutrophication were seldom correlated with fish 
CPUEW. In fact, carp, white crappie, and benthivores were the only species that responded 
positively to indices of lake trophic status. Chlorophyll a and total nitrogen were positively 
correlated with carp CPUEW, while total suspended solids correlated positively with CPUEW
of white crappie (r = 0.38, 0.35, and 0.37 respectively; Table 4). Carp were also partially 
responsible for the positive correlation between total phosphorus and benthivorous fish (r = 
0.40), because carp made up an average 70% of the CPUEW for this group. 
Species Composition 
Benthivore and carp CPUEW increased significantly across a gradient of chlorophyll a 
(p < 0.001 and 0.03 respectively; Fig. 3), while no other species or groups offish were 
significantly related to lake trophic status. These results changed when we examined the 
relative importance of individual species and functional categories, expressed as a percent of 
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total CPUEW across a chlorophyll a gradient. Benthivore CPUEW, expressed as a fraction of 
the total catch of the six target species increased significantly with chlorophyll a, while 
percent bluegill and sport fish CPUEW decreased significantly (p <0.05, 0.01, and 0.03 
respectively; Fig. 4). 
Carp Influences on Catch of Other Species 
Because carp CPUEW became dominant as total fish CPUEW increased (Fig. 5), there 
may be a possibility that carp can have deleterious impacts on other fish species. Bivariate 
analyses revealed a significant increase in white crappie CPUEW and a significant decrease in 
bluegill CPUEW with carp CPUEW (p <0.03 and 0.05 respectively; Fig. 6). Stepwise selection 
analyses indicated that carp CPUEW was not a strong predictor of any individual fish CPUEW. 
Results of regression analyses from lakes with high carp CPUEW (> 181 g•net night"1) 
indicated that only black crappie decreased significantly (p <0.03; Fig. 6). Further, stepwise 
selection analyses found that carp explained a significant additional amount of variance in 
only the CPUEW of black crappie (RZ = 0.59; p > 0.005; Table 5). 
Discussion 
Overall, our study showed that total fish CPUEW increased with lake trophic status, 
but with weaker correlations and with fewer trophic status variables showing significant 
trends than other studies. Chlorophyll a was the best predictor of the total CPUEW of the six 
target species (r = 0.44). This result is similar to the results of Oglesby (1977), Bays and 
Crisman (1983), and Bachmann et al. (1996). Previous studies have found total fish catch to 
increase systematically with chlorophyll a (r = 0.92, 0.67, and 0.52 respectively) in lakes 
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with cholorophyll a ranges similar to ours (1 - >130 µg•L-'). Increased fish catch with 
chlorophyll a is expected because algal primary production fuels the base of the trophic 
pyramid in these nearly macrophyte-free lakes. This production can benefit all trophic levels 
above it, including fish. Surprisingly, other variables related to lake trophic status, such as
total phosphorus and total nitrogen, were not correlated with total fish CPUEW. This result 
differs from Hansen and Leggett (1982), Downing et al. (1990), and Bachmann et al. (1996) 
who found that these variables were positively correlated with fish catch, biomass, or 
production. 
The weak correlation with chlorophyll a and lack of correlations with nutrient 
concentrations may result from several factors. The most likely explanation is due to 
decoupling of high concentrations of the nutrients nitrogen and phosphorus from production 
in these lakes receiving high inputs from agricultural land. Because nutrients are so 
abundant, nitrogen and phosphorus may no longer be primary production limiting resources 
(Arbuckle and Downing, 2001). Instead, suspended solids may lead to light limitation in 
some lakes while nutrients may limit phytoplankton in others. Studies of both algal biomass 
(Watson et al. 1992) and fish catch (Jeppesen et al. 1997) have suggested production 
approaching an asymptote in nutrient ri ch systems. In place of nitrogen and phosphorus as
the limiting resources in these lakes, other variables such as mean depth, lake surface area, 
and specific conductivity (Table 4) could become stronger correlates of total fish CPUE,,,. 
This implies that although we see an increase of total fish CPUEW with lake trophic status as
measured by chlorophyll a, increases in fish CPUEW may not be as simple as others have 
found. This maybe especially true in agriculturally enriched hyper-eutrophic lakes where 
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production maybe limited by suspended solids, nitrogen or phosphorus, depending upon the 
configuration of the lake and its watershed. 
Other potential reasons for lack of correlations between total fish CPUEW and 
nutrients could be due to the lack of macrophytes in these lakes or to low statistical power 
resulting from high within lake error in estimation of fish catch. Macrophytes add 
complexity to the lake ecosystem and allow multiple pathways for nutrients to increase 
habitat and food for fish (Scheffer, 1998). Spatial distributions of fish or errors introduced 
during collection can increase variability of catch data (Murphy and Willis 1996) and cause 
low statistical power (Draper and Smith 1998) of detection of statistical trends. 
Correlations of total fish CPUEW with other variables considered to be important to 
fish were infrequent. Water quality and morphometric variables such as water temperature, 
dissolved oxygen concentration, Cyanobacteria, un-ionized ammonia, and the shoreline 
development index may influence fish (Alabaster and Lloyd 1982; Paerl et al. 2001; Guy and 
Willis 1995), but we did not observe significant correlations between total fish CPUEW and 
these variables. This is likely due to shifts in the fish community toward species tolerant of 
poor water quality as ecosystems became enriched. 
Taxon-Specific CPUEW and Community Composition 
The only fi sh that appeared to capture increased energy from increased lake trophic 
status were carp and the benthivore group. The CPUEW of carp and benthivores (consisting 
of an average of 70% carp) were both strongly correlated with chlorophyll a (Table 4). Carp 
CPUEW was also correlated with total nitrogen, while the benthivore group was correlated 
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with total phosphorus (Table 4). White crappie catch may also increase somewhat with lake 
trophic status, as indicated by the increase in CPUEW with total suspended solids (Table 4). 
These results suggest that only a few taxa respond positively to eutrophication in these lakes 
and that catches of species that are more economically and socially desirable (i.e., bluegill, 
black crappie, channel catfish) do not increase with hyper-eutrophication. 
As eutrophication, measured by chlorophyll a, increased in these lakes, a systematic 
shift in fish species composition from the desirable sport fish (primarily piscivores) to less 
desirable benthivores occurred. The CPUEW of carp and other benthivores increased 
systematically across a chlorophyll a gradient while sport fish CPUEW showed little 
systematic change (Fig 3). Carp and benthivore CPUEW increased by approximately 100% 
over a chlorophyll a range of 10 to 100 µg•L"l. The relative importance (fraction of total 
CPUEW) of species also showed that benthivore CPUEW increased by 80% over a range of 
chlorophyll a of 10 to 100 µg•L"1. However, the sport fish and bluegill fraction of total 
biomass decreased by approximately 50% and 80% respectively across the same range of 
chlorophyll a (Fig 4). Such a shift from sport fish (primarily piscivores) to benthivores 
agrees with Persson et al. (1991) who found that benthivores (roach and bream) replaced 
piscivores and eventually dominated ecosystems over a similar chlorophyll a gradient in 
Europe. 
Jones and Hoyer's (1982) results differed from ours in that they found that the yield 
of sport fish increased systematically across a similar chlorophyll a gradient (r = 0.91). Our 
yields of sport fish did not increase systematically with chlorophyll a. Detailed analysis of 
our data indicated that Silver Lake was a strong outlier that was very high in chlorophyll a 
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(100 µg•L"1) but yielded few fish other than black bullhead. If we categorize black bullhead 
as a sport fish, as done by Jones and Hoyer, we also see a positive correlation with 
chlorophyll a (r = 0.41, p <0.02). This regression may reveal a species shift from piscivores 
to benthivores, however, more than an increase in sport fish with increased lake trophic 
status. Silver Lake has an extremely high concentration of un-ionized ammonia (415 µg•L"~), 
which can be toxic to intolerant fish such as piscivores at concentrations >200 µg•L"1
(Alabaster and Lloyd 1982). Because black bullheads are more tolerant than piscivores of 
decreases in water quality, they appear to replace piscivores and make up the entire catch in 
this lake. Because Jones and Hoyer (1982) did not indicate the fish species yields along the 
entire trophic gradient, their regression may not suggest that the most desirable fish will offer 
high yields in the most eutrophic lakes. Our data indicate that the only species benefiting 
substantially from increases in lake trophic status are the benthivores. 
There are many possible reasons for this shift from sport fish to benthivores in 
eutrophic lakes. Sport fish (primarily picivores) depend on clear water because they are 
principally visual feeders (Bruton 1985). Young-of-the-year piscivores typically rely on 
zooplankton as a food source, but because large zooplankton are often rare in turbid 
eutrophic lakes (Jeppesen 2000), food shortages may limit piscivore growth and recruitment. 
Benthivores, especially carp, are not limited by turbid water because they aze tolerant of great 
levels of turbidity (>200 g•L-i; Alabaster and Lloyd 1982). They also do not encounter food 
shortages because zoobenthos are less impacted than zooplankton under hyper-eutrophic 
conditions (Scheffer 1998). Some sport fish depend on aquatic macrophytes for habitat 
(Grimm and Bach 1990), whereas macrophytes often decrease with increased 
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eutrophication (Egertson et al. in prep) and carp abundance (Crivelli 1983). Hyper-eutrophic 
ecosystems may therefore represent very poor habitat for sport fish. 
Carp Influences on Other Species 
Carp CPUEW was strongly correlated with CPUEW of white crappie and bluegill when 
analyzed across all lakes and with black crappie CPUEW in lakes with high carp abundance 
(>181 g•net nighf l). This may indicate some antagonism between these species or potential 
competitive exclusion. The positive correlation between white crappie CPiJEW and carp may 
result from white crappies' good adaptation to turbid, shallow waters (Carlander 1977). On 
the other hand, bluegills and black crappies, some of the most important sport fishes in the 
highly eutrophic lakes of the Midwest, U.S.A. (Harlan et al. 1987), are both intolerant of 
continuous high turbidity and siltation and grow best in clear water (Pfleiger 1975; Harlan et 
al. 1987). 
Although the relationship found between bluegill, black crappie, and carp CPUEW
could simply be chance correlations due to contrasting habitat requirements, carp may 
directly impact these fish by interfering with reproduction and growth. Both bluegill and 
black crappie build nests in shallow waters (<0.5-2m; Harlan et al. 1987) where carp are 
typically found (Pfleiger 1975). Nests may therefore be in jeopardy of disruption by the 
benthos-feeding carp. Because white crappie can spawn in deeper waters (1-3m; Harlan et 
al. 1987), their nests maybe able to escape this disturbance. Carp may also impact bluegill 
and black crappie by decreasing habitat through uprooting macrophytes (Crivelli 1983), out- 
competing young-of-the-year fish by decreasing zooplankton and other aquatic insects 
(Lougheed et al. 1997, Tatrai et al. 1994), and by resuspending sediment (Breukelaar et al. 
59 
1994) limiting the ability of bluegill and black crappie to see prey. It is therefore plausible 
that carp may experience differential success in hyper-eutrophic ecosystems not only due to 
their resistance to poor water quality conditions, but also because they may competitively 
exclude other species. 
Conclusions 
Counter to the results of other studies, we found that benthivorous ~ sh were the 
principal beneficiaries of increased eutrophication in these agriculturally enriched lakes. 
Benthivorous carp become so dominant, that their responses to lake conditions determine the 
trends of total fish CPUEw. Our study indicates that, with the tremendous increase in 
eutrophication and carp abundance, species other than benthivores seem unable to exploit the 
increased energy available in hyper-eutrophic systems. Thus, fisheries responses to hyper-
eutrophication are characterized by the shunting of resources to benthivorous fish, with little 
net gain in biomass for sport fish (primarily piscivores), in these very fertile lakes. 
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Table 3. Regression equations of variables correlated with total fish CPUEW (g•net night-1). 
"Total fish" means the summed catch of the six most abundant and consistently caught 
species in these lal~es. See Table 1 for abbreviations and units. 
Bivariate Regressions n r ~ 
Total = 2.85 + 0.46 (Chl a) 32 0.44 0.013 
Total = 3.85 - 0.84 (Z) 30 0.39 0.036 
Total = 3.07 + 0.24 (SA) 32 0.37 0.038 
Total = 3.87 + 0.89 (Cond) 32 0.36 0.043 
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Table 4. Significant correlations between independent variables and CPLTEW (g •net night"1) 
of individual and grouped fish species. Abbreviations and units for independent variables are 
indicated in Table 1, while abbreviations for fish are indicated in Table 2; slope of the 
regression line is indicated as "+" for positive, and "-" for negative. Only significant 
correlations (p < 0.05) are listed. Independent variables showing no correlation with fish 
CPUEW were, temperature, un-ionized ammonia, aresin transformed percent algal biomass 
made up of Cyanobacteria, watershed:lal~e area ratio, and shoreline development index. 
BLG BLC WHC CARP BBHD CCF SPORT BENTH 
LType r -0.44 -0.42 +0.61 
Z r -0.46 -0.40 -0.58 
SA r -0.3 9 +0.5 3 +0.47 
Cond r +0.40 +0.48 +0.3 7 -0.3 9 +0.3 7 
DO r 
+0.51 ~ +0.68 
-0.37 
Chl a r +0.3 9 +0.5 7 
TN r +0.35 
TP r +0.40 
TSS r +0.37 
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Table 5. Regression models showing the best predictors for species-specific and species 
group CPUEW (g•net nighf l) and regression models obtained when carp CPUEW was added to 
the list of independent variables in lakes with high (>180 g•net nighf l) carp CPUEW. 
Stepwise selection of independent variables was used to obtain models. Abbreviations and 
units are the same as in Table 1 and Table 2. Only statistically significant regressions (p < 
0.05) are shown. 
Multiple Regressions n Rz p 
CARP = 2.75 + 3.76 (Cond) - 3.08 (Z) + 1.15 (SA) 30 0.54 <0.001 
BENTH = 2.89 + 3.17 (Cond) - 2.48 (Z) + 1.47 (Chl a) 30 0.61 <.0001 
Carp included as independent variable n R 
p 
BLC = 9.01 - 1.86 (TP) - 0.86 (CARP) 15 0.59 <0.005 
~s 
Figure Legends 
Figure 1. Location of 321akes sampled throughout the state of Iowa. 
Figure 2. The relationship between total fish CPUEW (fish weight caught per unit effort) and 
chlorophyll a (r = 0.44; p < 0.02). "Total fish" means the summed catch of the six most 
abundant and consistently caught species in these lakes. Symbols indicate impounded lakes 
(t) or natural lakes (0). 
Figure 3. Variation in community composition changes (estimated from CPUEW) with 
increasing lake trophic status estimated from chlorophyll a. Solid lines indicate significant 
regression slopes (p < 0.05; Table 4), while broken lines indicate non-significant 
relationships (p > 0.05). BLC is black crappie; BLG is bluegill; WHC is white crappie; CCF 
is channel catfish; CARP is common carp; BBHD is black bullhead; SPGRT is the sport fish 
group and i s the sum o f B LC, WHC, BLG, and CCF; BENTH i s the b enthivore group and i s 
the sum of BBHD and CARP; Total is total fish and means the summed catch of the six most 
abundant and consistently caught species in these lakes. Points are not shown to avoid 
confusion. 
Figure 4. Variation in relative importance (aresin transformed fraction of total fish CPUEW) 
of bluegill (BLG), sport fish (SPORT) and benthivores (BENTH) plotted against chlorophyll 
a (p < 0.002, 0.03, and 0.01 respectively). The units on the right y-axis represent 
approximate percentages of fish CPUEW when the units on the left y-axis are untransformed. 
Points were not shown to avoid confusion. 
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Figure 5. Relationship between carp and total fish CPUEW showing carp dominating total 
fish CPUEW at high biomass. Solid line indicates a 1:1 relationship of total fish CPUEW, 
while the broken line represents a regression line between total fish and carp CPUEW. "Total 
fish" means the summed catch of the six most abundant and consistently caught species in 
these lakes. Symbols indicate impounded lakes (~) or natural lakes (O ). 
Figure 6. Relationship between carp CPUEW and white crappie (r = 0.40; p < 0.03) bluegill 
(r = 0.36; p < 0.05) and black crappie CPUEW (r = 0.57; p < 0.03). White crappie and 
bluegill figures represent regressions using all lakes, while the black crappie figure represents 
regressions from lakes with >median (180 g•net nighf') of carp CPUEW. Symbols indicate 
impounded lakes (t) or natural lakes (0). Note the scale change between bluegill and black 
crappie figures. 
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CHAPTER 4. GENERAL CONCLUSIONS 
This research is an effort to better understand the changes that occur in the aquatic 
macrophyte and fish communities with the process of eutrophication in agriculturally 
enriched lakes. I further elucidate long-term changes to macrophytes communities and 
species relative abundance with eutrophication and water level changes, and examine how 
fish communities change in highly eutrophic systems when the dominant benthivore is carp. 
Long-term data were helpful in determining how the aquatic macrophyte community 
changed over the past century in Clear Lake. We were able to determine that aquatic 
macrophytes were light limited in this lake due to high turbidity. Because of this, there has 
been a systematic shift in the dominance of functional macrophyte groups from submergent 
to floating-leaved and emergent species. This lake has also experienced a stable turbid-water 
state currently because there has been high turbidity and little variation in the relative 
abundance of macrophytes over the past two decades. We have found that this lake switches 
stable states because it has shifted at least twice since 1896 from clear water with high 
relative abundance of submerged macrophytes, to turbid water with low submerged 
macrophyte relative abundance. Because this lake has reached a turbid stable state, water 
level fluctuations now appear to play a major role in structuring the emergent macrophyte 
community. Water level decreases allow the expansion of emergent macrophyte beds 
probably through germination of the historical seed bank, while increases in water level 
decreas the emergent macrophyte bed area. 
Fish CPLJEW increased, while their composition changed over a gradient of 
eutrophication. Total fish CPUEW was positively correlated with cholorphyll a, but these 
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correlates were weaker than what other studies have found. This work also differs from 
results of past studies in that nutrients (i.e., total phosphorus and total nitrogen) were not 
correlated with total fish CPUEW. It seems likely therefore that nitrogen and phosphorus are 
less tightly coupled with lake primary productivity in these hyper-eutrophic ecosystems. 
These lakes receive extremely high concentrations of nutrients from the surrounding 
agricultural land as well as loading of suspended solids from errosion. The high variability in 
nutrient stoichiometry may cause variability in the limitation of primary production by 
nutrients. 
Further, we found that the benthivorous fish (primarily carp) were the only fish to 
respond positively to increased lake trophic status. Further, over a gradient of eutrophication, 
we found that benthivorous fish, primarily carp, replaced sport fish, primarily piscivorous 
fish. These results are similar to studies that have examined other benthivorous fish (i.e., 
roach and bream) in Europe. There are many possible reasons for this shift from piscivores 
to benthivores in eutrophic lakes. piscivores may become food limited because they depend 
on clear water to see their prey, and zooplankton, a food source by young-of--the-year 
piscivores, typically decline with increased eutrophication. Benthivores, especially carp, are 
not limited by high levels of turbidity and their diets are very general allowing for less 
likelihood of food shortfalls. piscivores also depend on aquatic macrophytes for habitat, 
while benthivores do not. Because macrophytes tend to decrease with eutrophication, habitat 
is lost for the piscivorous fish in these hypereutrophic lakes. 
We found significant negative correlations between carp CPUEW and bluegill and 
black crappie CPUEW. We cannot imply direct causation from these regressions, but there is 
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a possibility that carp may influence other fish by increasing suspended sediments, habitat 
modification, or nest disruption. 
This study demonstrated how long-term data could be used to reveal trends in aquatic 
macrophyte composition and relative abundance that would not have been observed when 
looking at shorter time periods. It also demonstrated that with an increase in eutrophication, 
species other than benthivores do not exploit increased energy availability in hyper-eutrophic 
systems. Thus, fisheries responses to hyper-eutrophication are characterized by the shunting 
of resources to benthivorous fish, with little net gain in biomass for sport fish, in these very 
fertile lakes. 
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APPENDIX A. LONG-TERM MACROPHYTE AND WATER QUALITY DATA 
FROM CLEAR LAKE, IOWA. 
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